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1
SEMICONDUCTOR MEMORY DEVICE AND
METHOD FOR MANUFACTURING THE
SAME

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a semiconductor memory
device.

2. Description of the Related Art

A dynamic random access memory (DRAM) including
one capacitor and one transistor (referred to as a cell
transistor) has been widely used as a typical semiconductor
memory device. A planar transistor has been conventionally
used to form a DRAM; however, in accordance with min-
iaturization of a circuit, a method using a recessed channel
array transistor (RCAT) in which a gate is arranged three-
dimensionally so as to prevent leakage current due to a
short-channel effect is now employed (see Non-Patent
Document 1).

REFERENCE
Patent Document

[Patent Document 1] U.S. Pat. No. 5,302,843
[Patent Document 2] U.S. Pat. No. 4,777,625

Non-Patent Document

[Non-Patent Document 1] K. Kim, “Technology for sub-50
nm DRAM and NAND flash manufacturing”, Technical
Digest of International Electron Devices Meeting, pp.
333-336, 2005.

SUMMARY OF THE INVENTION

However, it is difficult to further increase the integration
degree with a planar transistor and an RCAT that is a
modification thereof without a reduction in line width of a
circuit. For example, the area of a memory cell including a
planar transistor is greater than or equal to 8F> (F: feature
size) in a folded bit line structure and greater than or equal
to 6F2 in an open bit line structure. A technique to achieve
a much smaller area, e.g., 4F is now expected.

The present invention has been made in view of the above
problem and its object is, for example, to provide a semi-
conductor memory device whose area can be reduced as
much as possible, a configuration of a circuit of the semi-
conductor memory device, and a method for manufacturing
the semiconductor memory device. Another object is to
provide a semiconductor memory device in which the para-
sitic capacitance of a bit line can be reduced, a configuration
of a circuit of the semiconductor memory device, and a
method for manufacturing the semiconductor memory
device. Further, another object is to provide a highly reliable
semiconductor device with excellent characteristics and a
method for manufacturing the semiconductor device.

An embodiment of the present invention is a semicon-
ductor memory device including: a bit line formed over a
substrate, an insulator including a pair of grooves formed
over the bit line, a first word line and a second word line
formed at side surfaces of the pair of grooves and facing
with each other with the insulator interposed therebetween,
a film-shaped semiconductor region interposed between side
surfaces of the insulator and the first and second word lines,
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an electrode provided at a top of the insulator, and a
capacitor provided over the insulator and electrically con-
nected to the electrode.

In this specification, a bit line may be considered as a
wiring connected to a sense amplifier or a wiring whose
potential is amplified by a sense amplifier. A word line may
be considered as a wiring connected to a gate of a cell
transistor. In addition, a pair of grooves may also be con-
sidered as one convex shape, and one of the pair of grooves
may be connected to the other. The shape of the groove is not
limited to a straight line shape, and a net-like shape or
another shape may be employed. Further, the groove may be
connected to another groove.

Here, the bit line and the semiconductor region are
preferably electrically connected to each other at a bottom of
each of the grooves. The depth of each of the grooves of the
insulator may be greater than or equal to twice and less than
or equal to 20 times, preferably greater than or equal to 5
times and less than or equal to 20 times the width thereof.
A conductive layer may be provided in contact with the
semiconductor region at the top of the insulator. The height
of each of the word lines may be greater than or equal to
30% and less than or equal to 90%, preferably greater than
or equal to 40% and less than or equal to 80% of the depth
of each of the grooves.

Another embodiment of the present invention is a semi-
conductor memory device including: a bit line formed over
a substrate, a first insulator formed over the bit line, a
stripe-shaped second insulator formed over the first insula-
tor, a first word line and a second word line formed at side
surfaces of the second insulator and facing with each other
with the second insulator interposed therebetween, a film-
shaped semiconductor region interposed between side sur-
faces of the second insulator and the first and second word
lines, an electrode provided at a top of the second insulator,
and a capacitor provided over the second insulator and
electrically connected to the electrode.

Here, the bit line and the semiconductor region are
preferably electrically connected to each other through an
electrode provided in the first insulator. The height of the
second insulator may be greater than or equal to twice and
less than or equal to 20 times, preferably greater than or
equal to 5 times and less than or equal to 20 times the
distance between the second insulator and another second
insulator adjacent thereto. A conductive layer may be pro-
vided in contact with the semiconductor region at the top of
the second insulator. The height of each of the first and
second word lines may be greater than or equal to 30% and
less than or equal to 90%, preferably greater than or equal
to 40% and less than or equal to 80% of the sum of the height
of the second insulator and the height of the conductive
layer.

Another embodiment of the present invention is a method
for manufacturing a semiconductor memory device, includ-
ing: a step of forming a bit line over a first insulator, a step
of forming a second insulator over the bit line, a step of
forming first contact holes in the second insulator, a step of
forming a third insulator over the second insulator, a step of
providing at least two grooves in the third insulator by
etching the third insulator, a step of providing an island-
shaped or stripe-shaped semiconductor region in a region
including side surfaces of the grooves in the third insulator,
a step of forming a conductive film, a step of forming word
lines at the side surfaces of the grooves in the third insulator
by performing anisotropic etching on the conductive film, a
step of forming a fourth insulator, and a step of forming a
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second contact hole reaching a top of the third insulator
between the two grooves by etching the fourth insulator.

In the step of providing the grooves in the third insulator
and the step of forming the second contact hole reaching the
top of the third insulator, another film serving as an etching
stopper may be used to control the etching. In addition, the
two grooves may also be considered as one convex shape.

It is preferable that the two word lines operate in syn-
chronization with each other in any of the above embodi-
ments. A driver circuit such as a sense amplifier or a decoder
may be provided below the bit line. The bit line and another
bit line adjacent thereto may be different from each other in
height or depth. Further, any of the above structures can be
applied to a divided bit line structure.

In any of the above embodiments, the semiconductor
region is preferably formed of a semiconductor with a
mobility of higher than or equal to 5 cm?/Vs. For example,
polycrystalline silicon, polycrystalline germanium, poly-
crystalline silicon germanium, indium oxide, an oxide
obtained by adding one or more kinds of metal elements to
indium oxide, gallium nitride, a compound obtained by
adding oxygen to gallium nitride, gallium arsenide, indium
arsenide, zinc sulfide, or the like may be used.

Although a structure in which a gate is provided on a side
surface of a convex shape formed in a semiconductor
substrate in a transistor with the use of anisotropic etching
is known (e.g., Patent Document 1), a more preferable mode
in the case of manufacturing a more integrated semiconduc-
tor memory using this structure has not been considered. For
example, there is a description about a DRAM in Patent
Document 1; however, a bit line is connected to a transistor
through a contact provided over a convex shape, not at the
bottom of a groove.

Although there has been no problem in a circuit which is
not sufficiently miniaturized, there are many problems when
a bit line is provided over a capacitor in a circuit which is
miniaturized and in which the height of a capacitor is greater
than 1 pm. That is, a bit line cannot be provided over a
capacitor now, and it is necessary to form a bit line in a space
in the capacitor.

In the case of providing a contact for a capacitor at the
bottom of a groove, the width of the bottom needs to be large
s0 as to prevent contact with the word line in a depression;
specifically, a width of 2F is at least necessary for the
bottom. Provided that the width of the top is defined as F,
even if a contact is common between bit lines of the adjacent
memory cells, an element isolation region for isolation from
the adjacent capacitor needs to be formed, so that the area of
the memory cell cannot be smaller than 6F>.

Further, since the bit line is provided close to the capacitor
or the word line, the parasitic capacitance of the bit line is
increased. The capacitance of a capacitor depends on the
parasitic capacitance of a bit line in a DRAM; thus, when the
parasitic capacitance is increased, the capacitance of the
capacitor is inevitably increased.

These problems can be solved by arranging a bit line
below a semiconductor region. That is, a contact to the bit
line in a lower portion is provided at the bottom of a groove,
and a contact to a capacitor in an upper portion is provided
at the top between two grooves (at the top of the convex
shape). The contact at the bottom is a contact from the lower
portion; therefore, it is not necessary to avoid the word line
provided in the groove, which is a point different from that
in Patent Document 1. Therefore, by setting both the width
of the bottom of the groove and the width of the convex
shape to F, the area of the memory cell can be 4F>.
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In addition, an element isolation region is not particularly
needed between the adjacent capacitors. This is because in
the above structure, the capacitor is arranged between two
transistors, and gates of the two transistors correspond to a
pair of word lines at the side surfaces of one convex shape.
Thus, unless the pair of word lines are active, the capacitor
is in an insulated state.

The element isolation region is formed to only keep
isolation; in the above structure, the transistor has a function
similar to that of the element isolation region. Therefore, as
described later, when the transistor is on, the transistor
functions as a transistor, and when the transistor is off, the
transistor functions as an element isolation region, so that
the use efficiency is high.

It is needless to say that, since parasitic capacitance is
generated between the semiconductor region and the word
line, an unnecessary portion in the semiconductor region
(where the transistor is not formed) may be omitted.

In the above structure, the bit line is apart from the
capacitor or the word line, so that the parasitic capacitance
therebetween can be reduced. When the parasitic capaci-
tance of the bit line is small, the capacitance of the capacitor
provided in the memory cell can be small accordingly.

In the above structure, the channel length of the transistor
is substantially equal to the height of the word line which
depends on the depth of the groove. Therefore, when the
aspect ratio of the groove (the value obtained by dividing the
depth by the width) is large, a transistor which is sufficiently
integrated and in which a short-channel effect is suppressed
can be obtained.

For example, in the case where the width of the groove is
30 nm, which is a feature size, and the height thereof is 300
nm, the height of the word line can be 300 nm at maximum.
In an actual case, in consideration of process margin or the
like, the height of the word line may be set to greater than
or equal to 30% and less than or equal to 90%, preferably
greater than or equal to 40% and less than or equal to 80%
of the depth of the groove. For example, when the height of
the word line is 50% of the depth of the groove, the channel
length is approximately 150 nm.

This is substantially the same channel length as an RCAT,
and a short-channel effect can be sufficiently suppressed.
Moreover, in the above structure, since there are two tran-
sistors each having a channel width of 30 nm in one memory
cell, the on-state current can be twice that of a general RCAT
or the memory cell described in Patent Document 1.

Since the channel width is 30 nm which is a feature size,
the channel length is five times the channel width. In such
a transistor having a large channel length, variation in
threshold voltage can be small in the case of using particu-
larly a polycrystalline semiconductor material.

In the case of an aspect ratio of 2 which means a relatively
shallow groove as well as in the case of an aspect ratio of 10,
it is highly difficult from a technical aspect to form a contact
from the bottom of the groove to an upper portion in a
manner similar to that of the memory cell described in Patent
Document 1.

On the other hand, in the above structure, a contact to a
lower portion is provided at the bottom of a groove, and a
contact to an upper portion is provided at the top between
two grooves. Such a structure is the most easily processed
and preferable for the integration. Therefore, even if a
groove has an aspect ratio of greater than or equal to 2 and
less than or equal to 20, preferably greater than or equal to
5 and less than or equal to 20, a memory cell can be formed
by employing the above structure.



US 9,431,400 B2

5

In the above structure, the bit line is provided below the
cell transistor and a component which can be an obstacle is
not particularly provided in that region, so that the depth at
which the bit line is arranged can be set as appropriate. It is
needless to say that the bit line can be formed apart from the
transistor (that is, in a deep position) to further reduce the
parasitic capacitance. In addition, when the depth of a bit
line is made different from that of another bit line adjacent
thereto, parasitic capacitance generated between the adja-
cent bit lines can be reduced.

By providing a circuit for driving the bit line below the bit
line, the area of the chip can be reduced. In general, a driver
circuit occupies 20% to 50% of the area of the surface of a
DRAM chip. Thus, when the driver circuit and the memory
cell array overlap with each other, the chip area can be
decreased. Also, when a memory has the same area as a
conventional memory, more memory cells can be formed.
The driver circuit is preferably formed using a single crystal
semiconductor.

The mobility of a transistor including a semiconductor
region having non-single crystal is not high enough in some
cases. However, when a so-called divided bit line structure
(see Patent Document 2) is employed, by setting the capaci-
tance of a sub-bit line and the capacitance of a capacitor to
a tenth to a hundredth of that of a general DRAM, high-
speed operation which is higher than or equal to that of a
DRAM including single crystal silicon is possible even
when the mobility of a semiconductor material is a tenth to
a hundredth of that of single crystal silicon which is gener-
ally used.

A memory cell connected to a sub-bit line in the divided
bit line structure is equal to a memory cell connected to a bit
line in a general DRAM; thus, the bit line having the
structure and the effect in the above embodiment may be
considered similarly to the sub-bit line in the divided bit line
structure. By forming the sub-bit line apart from the word
line or the capacitor, the parasitic capacitance of the sub-bit
line can be reduced, so that the capacitance of the capacitor
can be further reduced.

In addition, a bit line in the divided bit line structure (also
referred to as a main bit line) may be provided over a
capacitor. In the divided bit line structure, the height of the
capacitor can be a tenth to a hundredth of that in a general
DRAM,; therefore, it is easy from a technical aspect to form
the bit line over the capacitor. An area of greater than or
equal to 4F7 is needed in some cases for a contact between
the bit line and the sub-bit line; however, one contact is
necessary in 10 to 200 memory cells, so that the chip area
is not significantly increased.

Further, a sense amplifier or the like which is used to
amplify the potential of the sub-bit line in the divided bit line
structure may be provided below the bit line, preferably,
formed using a single crystal semiconductor together with
other driver circuits.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B illustrate an example of a manufacturing
process of a semiconductor memory device according to an
embodiment of the present invention.

FIGS. 2A and 2B illustrate an example of a manufacturing
process of a semiconductor memory device according to an
embodiment of the present invention.

FIGS. 3A and 3B illustrate an example of a manufacturing
process of a semiconductor memory device according to an
embodiment of the present invention.
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FIG. 4 illustrates an example of a manufacturing process
of a semiconductor memory device according to an embodi-
ment of the present invention.

FIGS. 5A to 5C illustrate an example of a manufacturing
process of a semiconductor memory device according to an
embodiment of the present invention.

FIG. 6 illustrates an example of a circuit applied to a
semiconductor memory device according to an embodiment
of the present invention.

FIGS. 7A to 7D each illustrate an example of a structure
of a semiconductor memory device according to an embodi-
ment of the present invention.

FIG. 8 illustrates an example of a structure of a semicon-
ductor memory device according to an embodiment of the
present invention.

FIGS. 9A and 9B each illustrate an example of a structure
of a semiconductor memory device according to an embodi-
ment of the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

Hereinafter, embodiments will be described with refer-
ence to drawings. However, the embodiments can be imple-
mented in many different modes. It will be readily appreci-
ated by those skilled in the art that modes and details thereof
can be changed in various ways without departing from the
spirit and the scope of the present invention. Thus, the
present invention should not be interpreted as being limited
to the following description of the embodiments.

In this specification, ordinal numbers such as “first” and
“second” are used to avoid confusion among components
and do not necessarily mean the order. For example, another
insulator may be provided below a first insulator, or another
contact plug may be provided between a first contact plug
and a second contact plug.

In addition, in this specification, a source of a cell
transistor denotes an electrode or a region on the bit line
side, and a drain of a cell transistor denotes an electrode or
a region on the capacitor side.

Embodiment 1

A manufacturing process of a memory cell according this
embodiment will be described with reference FIGS. 1A and
1B, FIGS. 2A and 2B, FIGS. 3A and 3B, FIG. 4, FIGS. 5A
to 5C, FIG. 6, and FIGS. 7A to 7D. FIGS. 1A and 1B, FIGS.
2A and 2B, FIGS. 3A and 3B, and FIG. 4 each illustrate a
cross section parallel to a bit line of the memory cell
according to this embodiment. FIGS. 5Ato 5C are schematic
views each illustrating a manufacturing step in the case
where the memory cell according to this embodiment is seen
from the above. FIG. 6 is a circuit diagram of the memory
cell according to this embodiment. FIGS. 7A and 7C are
schematic views in the case where the bit line according to
this embodiment is seen from the above and FIGS. 7B and
7D are cross-sectional views corresponding to FIGS. 7A and
7C, respectively.

In this embodiment, with a few exceptions, just an outline
is described. A known technique for forming a semiconduc-
tor integrated circuit or the like may be referred to for the
details. In addition, although in FIGS. 1A and 1B, FIGS. 2A
and 2B, FIGS. 3A and 3B, FIG. 4, and FIGS. 5A to 5C, a
memory cell of a folded bit line structure is illustrated and
the area of one memory cell is set to approximately 16F> for
easy understanding of the description, the integration degree
may be higher.
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<FIG. 1A>

A bit line 1024 is formed over a first insulator 101. There
are some methods for arrangement of a bit line adjacent to
the bit line 1025. For example, as illustrated in FIGS. 7A and
7B, there is a method in which bit lines 1024 and 102c¢
adjacent to the bit line 1025 are formed at the same depth or
in the same layer as the bit line 1025. FIG. 7A is a schematic
view of a cross section obtained by cutting a plane in which
the bit lines 1024 to 102¢ are formed along a plane including
dotted line C-D in FIG. 1A. FIG. 7B illustrates a cross
section along dotted line E-F in FIG. 7A. Note that FIG. 1A
illustrates a cross section along dotted line A-B in FIGS. 7A
and 7C.

The method in which the bit line 1025 is formed at the
same depth or in the same layer as the bit lines 102a and
102¢ adjacent to the bit line 1025 as illustrated in FIG. 7B
is characterized by a small number of manufacturing steps.

Another method is a method in which the bit lines 1024
and 102c¢ adjacent to the bit line 1025 are each formed at a
depth or in a layer which is different from that of the bit line
1025 as illustrated in FIGS. 7C and 7D. FIG. 7C is a
schematic view illustrating a cross section along a plane
including dotted line C-D in FIG. 1A. FIG. 7D illustrates a
cross section along dotted line E-F in FIG. 7C.

In FIG. 7C, although the bit lines 102a¢ and 102¢ adjacent
to the bit line 1025 are not illustrated, the bit lines 102a and
102¢ are formed at a depth which is different from that of the
bit line 1025 as illustrated in FIG. 7D which is a cross-
sectional view. In FIG. 7D, the bit lines are formed at two
kinds of depths but may also be formed at three or more
kinds of depths.

Additional manufacturing steps are needed in this
method; however, the parasitic capacitance between the
adjacent bit lines can be reduced compared to the method in
which the bit lines are formed in the same layer (FIG. 7B).
For example, the height of each of the bit lines 1024 to 102¢
is five times the width thereof and the distance between the
bit lines is the same as the width thereof; when the depth of
one bit line is different from the depth of the adjacent bit line
by the height of the bit line as illustrated in FIG. 7D, the
parasitic capacitance between one bit line and another bit
line is reduced to half or less. As the height of the bit line is
increased (as the aspect ratio is increased), the effect of
reducing the parasitic capacitance is improved.

When a bit line is formed apart from a word line or a
capacitor as in this embodiment, most of the parasitic
capacitance of the bit line is generated between the bit line
and another bit line. In particular, in order to reduce the
width of a wiring and the resistance of the bit line, the aspect
ratio of the bit line needs to be increased, which also
increases the parasitic capacitance between the bit lines.

Therefore, the effect of reducing the parasitic capacitance
of the bit line by arranging the bit lines as illustrated in FIG.
7D is advantageous. In the case where a reduction in
parasitic capacitance of the bit line, a reduction in resistance
of'the bit line, and a reduction in capacitance of the capacitor
are expected at the same time, the bit lines are preferably
arranged as illustrated in FIG. 7D.

In a conventional DRAM, arrangement of a bit line is
strictly limited because a component such as a capacitor is
provided in a region where the bit line is arranged; in this
embodiment, the capacitor is formed apart from the bit line,
so that the bit line can be arranged relatively freely and the
bit lines can be formed at different depths as described
above. In this embodiment, any of the methods illustrated in
FIGS. 7B and 7D can be employed.
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In FIG. 1A, over the bit line 10254, a second insulator 103
and a third insulator 104 which has a barrier property against
hydrogen and an alkali metal are each formed to have an
appropriate thickness. Note that the thickness and the mate-
rial of each of the first insulator 101, the second insulator
103, and the third insulator 104 are important to estimate the
parasitic capacitance of the bit line.

The thickness of each of the first insulator 101 and the
second insulator 103 is preferably 100 nm to 1 um. In
addition, the first insulator 101 and the second insulator 103
may each be formed using a material having a relatively low
dielectric constant such as silicon oxide. Further, the third
insulator 104 is preferably formed using a material whose
etching rate is different from that of a fourth insulator 106
formed over the third insulator 104, e.g., aluminum oxide,
aluminum nitride, silicon nitride, or the like with a thickness
of 10 nm to 100 nm.

The third insulator 104 and the second insulator 103 are
etched to form contact holes, and first contact plugs 1054
and 1055 connected to the bit line 1025 are formed. Further,
the fourth insulator 106 is formed. The thickness of the
fourth insulator 106 is determined in consideration of the
depth of a groove formed later and the channel length of a
transistor, and is 100 nm to 1 um for example. In addition,
the fourth insulator 106 is preferably formed using a mate-
rial whose etching rate is different from that of the material
for the third insulator 104, and silicon oxide may be used.

A conductive layer 107 is formed over the fourth insulator
106. The material and the thickness of the conductive layer
107 may be determined as appropriate and are preferably
those which can provide a function of an etching stopper
when a second contact plug 1156 is formed later.
<FIG. 2A>

The conductive layer 107 and the fourth insulator 106 are
etched to form grooves 108a and 1085. The grooves 108a
and 1085 are formed so as to be substantially orthogonal to
the bit line 1024. In the etching of the relatively thick fourth
insulator 106, the third insulator 104 is used as an etching
stopper. That is, the etching of the fourth insulator 106 is
stopped when the third insulator 104 is exposed. As a result,
the fourth insulator 106 and the conductive layer 107 are
processed into fourth insulators 1064 to 106¢ and conductive
layers 107a to 107¢ which are in a stripe shape, for example.
Note that the shape of each of the fourth insulators 106a to
106¢ and the conductive layers 107a to 107¢ is not limited
to a stripe shape. In addition, the ratio of the depth T of the
groove to the width W of the groove (T/W) in the drawing
is greater than or equal to 2 and less than or equal to 20,
preferably greater than or equal to 5 and less than or equal
to 20.
<FIG. 2B>

An island-shaped semiconductor region 1095 is formed.
The semiconductor region 1095 is formed in contact with at
least one of the first contact plugs 105a and 1055. At this
time, the conductive layers 107a to 107¢ are also etched
using the semiconductor region 1095 as a mask. Accord-
ingly, regions in the conductive layers 107a to 107¢ over
which the semiconductor region 1095 is not provided are
removed. In FIG. 2B, part of the conductive layer 1075
remains to become a conductive layer 107B. After that, a
gate insulator 110 is formed so as to cover the island-shaped
semiconductor region 1095.

The thicknesses of the semiconductor region 1095 and the
gate insulator 110 can be determined as appropriate but
preferably determined depending on the channel length of
the transistor or the width W of the groove, for example, may
be set to a fiftieth to a fifth of the channel length or a tenth
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to a fiftieth of the width W of the groove. Note that the gate
insulator 110 may be thinned to such a level that a tunneling
current or the like does not cause a problem. In addition, the
gate insulator 110 may be formed using a material whose
relative dielectric constant is greater than or equal to 10.

The gate insulator 110 may be formed using a material
whose etching rate is different from that of a material used
for word lines 111a to 111d formed later or a material that
is used for a fifth insulator 112. In such a sense, hafnium
oxide, tantalum oxide, aluminum oxide, zirconium oxide, or
the like may be used. The gate insulator 110 may also be a
multilayer film including the above. For example, a two-
layer film including silicon oxide and aluminum oxide may
be used.

There is no limitation on the kind of a semiconductor used
for the semiconductor region 10956 but the mobility thereof
is preferably higher than or equal to 5 cm?/Vs. For example,
polycrystalline silicon, polycrystalline germanium, poly-
crystalline silicon germanium, indium oxide, an oxide
obtained by adding a metal element to indium oxide, gallium
nitride, a compound obtained by adding oxygen to gallium
nitride, gallium arsenide, indium arsenide, zinc sulfide, or
the like may be used.

In particular, in the case where the capacitance of the
capacitor is reduced by employing a divided bit line struc-
ture, the off resistance needs to be higher than that of a cell
transistor of a general DRAM. For example, even when the
capacitance of the capacitor is reduced to a hundredth,
unless the off resistance of the cell transistor is changed,
electric charge accumulated in the capacitor disappear for a
period which is a hundredth of that of a general DRAM.
Accordingly, refresh operation needs to be performed at an
interval of a hundredth of that of a general DRAM, resulting
in a significant increase in power consumption. That is, it is
preferable that when the capacitance of the capacitor is
reduced to a hundredth, the off resistance of the cell tran-
sistor be increased hundred or more times.

In order to increase the off resistance, for example, it is
effective to significantly reduce the thickness of the semi-
conductor region 1096 to 0.5 nm to 5 nm. In addition,
preferably, while the depth T of the grooves 108a and 1085
is set to 0.5 um to 1 pm, the channel length of the cell
transistor is increased. Further, when the original mobility is
higher than or equal to 200 cm?/Vs as in the case of
polycrystalline silicon, the mobility may be reduced to
approximately 10 cm?/Vs by setting the nitrogen concen-
tration or the carbon concentration in the semiconductor
region to 1x10"° cm=2 to 5x10%° cm™>.

It is preferable to further increase the off resistance of the
cell transistor because the refresh interval of the memory
cell can be lengthened. For example, when the off resistance
is million times or more that of a general cell transistor, the
cell transistor can be used practically without refresh opera-
tion.

In order to obtain such a very high off resistance, silicon
(whose band gap is 1.1 eV) is not enough. It is necessary to
use a wide band gap semiconductor whose band gap is
greater than or equal to 2.5 eV and less than or equal to 4 eV,
preferably greater than or equal to 3 eV and less than or
equal to 3.8 eV. For example, an oxide semiconductor such
as indium oxide or zinc oxide, a nitride semiconductor such
as gallium nitride, a sulfide semiconductor such as zinc
sulfide, or the like may be used.

The off resistance is proportional to the concentration of
carriers excited by heat. Since the band gap of silicon is 1.1
eV even when carriers caused by a donor or an acceptor do
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not exist at all (intrinsic semiconductor), the concentration
of carriers excited by heat at room temperature (300 K) is
approximately 1x10'" ecm™3,

On the other hand, in the case of a semiconductor whose
band gap is 3.2 eV, the concentration of carriers excited by
heat is approximately 1x1077 ¢cm™. When the electron
mobility is the same, the resistivity is inversely proportional
to the carrier concentration, so that the resistivity of the
semiconductor whose band gap is 3.2 eV is 18 orders of
magnitude higher than that of silicon.

It is preferable that the concentration of carriers excited
by a donor or an acceptor be as low as possible, e.g., lower
than or equal to 1x10'* ¢cm™. In addition, the threshold
voltage of the transistor depends on the concentration of
carriers excited by a donor or an acceptor.
<FIG. 3A>

A conductive film is formed and subjected to anisotropic
etching to form the word lines 111a to 111d. The thickness
of the conductive film is preferably a third to a thirtieth of
the width W of the grooves 108a and 1085. The width x of
the word lines 111a to 1114 in the drawing substantially
equals to the thickness of the conductive film. When the
conductive film is too thick, the conductive film cannot be
divided in the groove even if the anisotropic etching is
performed. Patent Document 1 may be referred to for a
technique for forming a wiring at a side surface of a groove
in a self-aligned manner as described above.

In the case where the top of the word line 1115 and the top
of'the word line 111c¢ are positioned at a level higher than the
top of the fourth insulator 1065 or at a level substantially the
same as a level of the conductive layer 107B, the word lines
1115 and 111¢ might be in contact with the second contact
plug 1155 which is formed later. Therefore, the height of the
word lines 111a to 111d is preferably greater than or equal
to 30% and less than or equal to 90%, more preferably
greater than or equal to 40% and less than or equal to 80%
of the depth T of the groove.

Through the above, the conductive layer 107B and the
word lines 1115 and 111¢ may be in an offset state (a state
where the conductive layer 107B and the word lines 1115
and 111¢ do not overlap with each other). In order to prevent
a short-channel effect, an offset region is preferably provided
to be 10 nm to 50 nm long in the perpendicular direction or
extend 20% to 100% of the height of the word lines 1115 and
111ec.

Note that in the cell transistor of this embodiment, the
source and the drain are asymmetrical regarding the offset
structure. It is highly difficult or not possible from a tech-
nical aspect to provide an offset region on the source side (on
the bit line side) particularly when the integration degree is
high, whereas it is relatively easy to provide the offset region
on the drain side (on the capacitor side) because it is only
necessary to adjust the height of the word lines 1115 and
111ec.

In particular, in a state where electric charge is held in the
capacitor (in a state where the transistor is off), the drain has
the same potential as or higher potential than the bit line
when the cell transistor is n-type. Under such a condition,
the off resistance can be more increased in the case where
the offset region on the drain side is enlarged than in the case
where the offset region on the source side is enlarged.

That is, on the source side, the offset region is not
provided or the offset region is provided to have a shape
overlapping with a gate (the word lines 1115 and 111¢) and
the first contact plugs 1054 and 10556. On the other hand, the
offset region is provided in the above range on the drain side,
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so that the off resistance can be increased and electric charge
accumulated in the capacitor can be prevented from leaking.

When the word lines 1115 and 111c¢ overlap with a source
(the first contact plugs 105¢ and 10554), an unnecessary
change in potential could be caused in charging of the
capacitor. However, in the case where the aspect ratio of the
grooves 108a and 1085 is greater than or equal to 5 and less
than or equal to 20, the parasitic capacitance between the
word lines 1116 and 111¢ and the source is approximately
20% of gate capacitance (capacitance caused by overlapping
of the word lines 1115 and 111¢ with the semiconductor
region 1095) at most, which is ignorable when the capaci-
tance of the capacitor is set to be ten or more times of gate
capacitance.

It is preferable to provide another semiconductor inte-
grated circuit in a lower layer of the bit line 1025 so as to
increase the integration degree. This also applies to other
embodiments. However, in general, in the case where the
semiconductor integrated circuit is provided in the lower
layer, noise caused by the circuit may hinder the operation
of the transistor in an upper layer. Against this problem, a
shield layer may be provided below the transistor in the
upper layer and noise may be absorbed. In this embodiment,
the bit line 1025 is arranged to overlap with the semicon-
ductor region 1095, so that the bit line 1025 serves as a
shield layer to absorb noise.

In the case where the semiconductor region is formed at
the side surface of the convex shape, the semiconductor
region might be influenced by a wiring or an electrode
formed at an opposite side surface of the convex shape when
the integration degree is increased. However, in this embodi-
ment, the word lines 1115 and 111c¢ operate as a pair of word
lines and the same potential is applied thereto; thus, the
transistor characteristics are not adversely affected.

Further, an impurity may be implanted into the semicon-
ductor region 1095 using the word lines 1115 and 111c as a
mask by an ion implantation method or the like to form an
n-type or p-type region (doped region). However, the doped
region is not necessarily formed in the case where the
distance between the word line 1115 and a region where the
first contact plug 1054 is in contact with the semiconductor
region 1095, the distance between the word line 111¢ and a
region where the first contact plug 1055 is in contact with the
semiconductor region 1095, the distance between the word
line 1115 and a region where the second contact plug 1155
is in contact with the semiconductor region 1095, the
distance between the word line 111¢ and the region where
the second contact plug 1155 is in contact with the semi-
conductor region 1095, the distance between the word line
1115 and the conductive layer 107B, or the distance between
the word line 111¢ and the conductive layer 107B is less than
or equal to 30 nm, preferably less than or equal to 10 nm.

Further, the doped region is not necessarily formed either,
in the case where the semiconductor region 1095 has any
conductivity type from the beginning and the transistor can
be controlled by utilizing a difference in work function
between the semiconductor material for the semiconductor
region 1096 and the material for the word lines 1115 and
111c¢. For example, polycrystalline silicon over silicon oxide
has n-type conductivity even when it is not doped with an
impurity; when a material having a work function of higher
than or equal to 5 eV such as indium nitride, zinc nitride, or
p-type silicon is used for the word lines 1115 and 111c,
electrons are removed owing to such a material, so that an
n-type transistor whose threshold voltage is positive can be
formed.
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<FIG. 3B>

The fifth insulator 112 is formed. The fifth insulator 112
is preferably formed using a material with low dielectric
constant and to fill the grooves 108a and 1085. Then, the
surface of the fifth insulator 112 is flattened. The flattening
process is stopped when the gate insulator 110 is exposed.
Then, a sixth insulator 113 and a seventh insulator 114 are
formed over the fifth insulator 112.

The sixth insulator 113 preferably has a barrier property
against hydrogen and an alkali metal and is preferably
formed using a material whose etching rate is different from
that of the material for the seventh insulator 114. For
example, aluminum oxide, aluminum nitride, silicon nitride,
or the like may be used. In addition, the thickness of the sixth
insulator 113 may be 10 nm to 100 nm. The seventh insulator
114 may be formed using a material with low dielectric
constant such as silicon oxide.

After that, first, the seventh insulator 114 is etched to form
a contact hole. The seventh insulator 114 is sufficiently
thick; thus, when misalignment of a mask and excessive
etching occur at the same time, the contact hole could be
connected to the word lines 1115 or 111¢. Such a problem is
likely to be caused in the case where the integration degree
is high and the width of the top of the fourth insulator 1065
is processed into a feature size.

Therefore, in this embodiment, the etching is temporarily
stopped using the sixth insulator 113 as an etching stopper.
Then, the sixth insulator 113 is etched, and then, the gate
insulator 110 and in some cases, the semiconductor region
1095 are etched to form a contact hole which reaches the
conductive layer 107B. After that, the contact hole is filled
with the second contact plug 1155.

Since the gate insulator 110 and the semiconductor region
1095 are sufficiently thin, even when over-etching is caused,
the contact hole can be prevented from reaching the word
lines 1115 and 111 ¢ by minutely controlling the etching time.
For this purpose, it is preferable that the top of the word line
1115 and the top of the word line 111¢ be located at a level
sufficiently lower than a top surface of the conductive layer
107B.
<FIG. 4>

An eighth insulator 116 is formed using a material having
a relatively low dielectric constant such as silicon oxide or
silicon oxycarbide. A hole is formed in the eighth insulator
116 to form a capacitor therein. Then, a first capacitor
electrode 117 with a thickness of 2 nm to 20 nm is formed
on the inner wall of the hole. The maximum thickness of the
first capacitor electrode 117 may be determined depending
on the feature size F. The thickness is preferably less than or
equal to 5 nm when F is 20 nm, and the thickness is
preferably less than or equal to 2.5 nm when F is 10 nm.

Further, a capacitor insulator 118 with a thickness of 2 nm
to 20 nm is formed. The capacitor insulator 118 can be
formed using any of various high-k materials, preferably
hafnium oxide, zirconium oxide, tantalum oxide, barium
strontium titanate, or the like. Then, a second capacitor
electrode 119 is formed. The first capacitor electrode 117,
the capacitor insulator 118, and the second capacitor elec-
trode 119 form a capacitor.

In this manner, a memory cell of a folded bit line structure
which includes two cell transistors 120a and 1205 and one
capacitor can be manufactured.

FIGS. 5A to 5C schematically illustrate the manufacturing
process seen from the above. In FIGS. 5A to 5C, cross
sections along dotted line A-B correspond to FIGS. 1A and
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1B, FIGS. 2A and 2B, FIGS. 3A and 3B, and FIG. 4. That
is, the bit line 1025 is provided so as to overlap with the
dotted line A-B.

FIG. 5A corresponds to the step of FIG. 2A where the
fourth insulator 106 and the conductive layer 107 are etched,
and the grooves 1084 and 1085 are formed in the direction
substantially orthogonal to the bit line and the fourth insu-
lators 1064 to 106¢ and the conductive layers 1074 to 107¢
which are in a stripe shape are formed. At bottoms of the
grooves, the first contact plugs 1054 and 1056 and first
contact plugs 105¢ and 1054 which are in another column
and not illustrated in FIG. 2A (that is, connected to another
bit line) are exposed.

FIG. 5B corresponds to the step of FIG. 2B. Here, the
semiconductor region 1095 and semiconductor regions 1094
and 109¢ which are in another column and not illustrated in
FIG. 2B are formed. Note that the bit line 102¢ (see FIGS.
7A to 7D) is provided below the semiconductor regions
109a and 109¢ in the direction substantially parallel to the
dotted line A-B.

The conductive layers 107a to 107¢ are etched using the
semiconductor regions 109a to 109¢ as masks. Therefore,
although not illustrated, the conductive layer 107B is pro-
vided below the semiconductor region 10956 as described
with reference FIG. 2B. In a similar manner, conductive
layers 107A and 107C (not illustrated) are provided below
the semiconductor regions 109a and 109¢ in such a manner
that the conductive layers 1074 and 107¢ which are in a
stripe shape are processed using the semiconductor regions
1094 and 109¢ as masks.

Since the memory cell of this embodiment has a folded bit
line structure, the semiconductor regions 1094 to 109¢ each
have an island shape and are formed in a staggered pattern,
and one semiconductor region is used for one memory cell.
In an open bit line structure described later, semiconductor
regions are formed substantially in parallel to the bit line in
a stripe shape, and one semiconductor region is used for a
plurality of memory cells.

FIG. 5C corresponds to the step of FIG. 3B where the
word lines 1114 to 1114 are formed at the side surfaces of the
grooves 1084 and 1085. In FIG. 5C, the word lines 1115 and
111c¢ serve as gates of the two transistors formed using the
semiconductor region 1095. Similarly, the word lines 111a
and 111d serve as gates of transistors formed using the
semiconductor regions 1094 and 109c.

In center portions of the island-shaped semiconductor
regions 1094 to 109¢, the second contact plugs 1154 to 115¢
connected the capacitors are provided. Note that the second
contact plugs 1154 and 115c¢ are not illustrated in FIG. 3B.

A circuit diagram of the memory cell as described above
is as shown in FIG. 6. That is, in each of the cell transistor
120a including the island-shaped semiconductor region
1095 and the word line 1115 and the cell transistor 1205
including the island-shaped semiconductor region 1096 and
the word line 111¢, a source is connected to the bit line 10254
and a drain is connected to the first capacitor electrode 117.
The word lines 1115 and 111¢ form a pair of word lines, and
one ends of the pair of word lines are connected to each other
so that the same signal is applied thereto.

Embodiment 2

This embodiment will be described with reference to FIG.
8. In this embodiment, a circuit (a driver circuit 202) for
driving a memory cell, such as a sense amplifier or a
decoder, is formed on a surface of a substrate 201 formed of
a single crystal semiconductor using a known technique for
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forming a semiconductor integrated circuit. Over the driver
circuit 202, a bit line 203 is formed, and a cell transistor
layer 204 is provided thereover. Further, a capacitor layer
205 is formed thereover. Embodiment 1 is referred to for the
structures of the cell transistor layer 204 and the capacitor
layer 205.

The cell transistor illustrated in FIG. 8 can be manufac-
tured by referring to Embodiment 1. In the drawing, the cell
transistor is illustrated such that the area of a memory cell is
4F?. That is, the distance between the bottoms of the grooves
(i.e., the distance between the center point of the bottom of
one groove and the center point of the bottom of the next
groove) is 2F.

For the arrangement of the memory cells which is illus-
trated, an open bit line structure is employed. Therefore, the
semiconductor regions are formed into a stripe shape and
each have ideally substantially the same length as the bit
line, so that a plurality of transistors connected to the same
bit line can be formed using one semiconductor region. In an
actual case, however, when a second contact plug is formed,
the semiconductor region may be divided.

The difference in arrangement of the memory cells
between an open bit line structure and a folded bit line
structure will be described with reference to FIGS. 9A and
9B. FIG. 9B is an example of arrangement of memory cells
with the use of a folded bit line structure, which is similar
to that illustrated in FIG. 5C. That is, island-shaped semi-
conductor regions are formed in a staggered pattern. A
capacitor is formed over a second contact plug provided in
each island-shaped semiconductor region. That is, each
memory cell is formed such that the second contact plug is
located at the center.

With such arrangement, when a pair of word lines are
made active and electric charge of a capacitor of a memory
cell connected to the pair of word lines is released to a first
bit line, since there is no memory cell connected to the pair
of word lines in the adjacent column, the potential of a bit
line (a second bit line) in that column is not changed. Thus,
by using the potential of the second bit line as a reference
potential, the potential of the first bit line can be determined,
so that data stored in the memory cell can be read out.

On the other hand, since the island-shaped semiconductor
regions are arranged in a staggered pattern, the integration
degree is reduced and the area of the memory cell is at least
8F-. This value is the same as a memory cell in a folded bit
line structure using a planar cell transistor. However, since
the area of one memory cell is large, a portion that can be
used for the capacitor can be increased to make the capaci-
tance of the capacitor large, which is an advantage.

FIG. 9A illustrates an example of arrangement of memory
cells which has an open bit line structure. A cross section
along dotted line X-Y in FIG. 9A corresponds to FIG. 8.
Semiconductor regions are arranged substantially parallel to
the bit line in a stripe shape and a pair of word lines are
provided so as to be substantially orthogonal to the semi-
conductor regions. A second contact plug is provided at the
center of the pair of word lines, to which a capacitor is
connected. As is clear from the drawing, the number of the
memory cells is twice that of the folded bit line structure for
the same area. Accordingly, the area of the memory cell is
at least 4F>.

With the above arrangement, when a pair of word lines are
made active and electric charge of a capacitor of a memory
cell connected thereto is released to a first bit line, electric
charge of a capacitor of a memory cell in the adjacent
column is also released to a bit line in that column (a second
bit line), so that the potential of the first bit line cannot be
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determined using the potential of the second bit line as a
reference potential, unlike in a folded bit line structure.
Therefore, a reference potential needs to be prepared sepa-
rately.

This application is based on Japanese Patent Application
serial no. 2011-024686 filed with Japan Patent Office on
Feb. 8, 2011, the entire contents of which are hereby
incorporated by reference.

What is claimed is:

1. A semiconductor memory device comprising:

a bit line over a substrate;

contact plugs over the bit line;

an insulator over the contact plugs;

a conductive layer over and in contact with a top surface
of the insulator;

a semiconductor layer over and in direct contact with the
conductive layer and the contact plugs;

a first word line and a second word line adjacent to side
surfaces of the insulator with the semiconductor layer
interposed therebetween; and

a capacitor electrically connected to the conductive layer,

wherein a thickness of each of the first word line and the
second word line is greater than or equal to 40% and
less than or equal to 80% of a sum of thicknesses of the
insulator and the conductive layer.

2. The semiconductor memory device according to claim

1, wherein the semiconductor layer is electrically connected
to the bit line.

3. The semiconductor memory device according to claim

1, wherein a thickness of the insulator is greater than or
equal to twice and less than or equal to 20 times a width
thereof.
4. The semiconductor memory device according to claim
1, further comprising a driver circuit below the bit line.

5. The semiconductor memory device according to claim
1, wherein the semiconductor layer is a material with a band
gap of greater than or equal to 2.5 eV and less than or equal
to 4 eV.

6. The semiconductor memory device according to claim

1, wherein the semiconductor layer comprises an oxide
semiconductor.

7. The semiconductor memory device according to claim

1, wherein the same signal is applied to the first and second
word lines.

8. A semiconductor device comprising:

a first conductive layer;

a first insulating layer over the first conductive layer;

contact plugs in the first insulating layer;

a second insulating layer over the contact plugs, and over
and in direct contact with the first insulating layer;

a second conductive layer over and in contact with a top
surface of the second insulating layer;

an oxide semiconductor layer over and in direct contact
with the second conductive layer and the contact plugs;

a third insulating layer adjacent to the second insulating
layer with the oxide semiconductor layer interposed
therebetween;
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a third conductive layer adjacent to a first side surface of
the second insulating layer with the oxide semiconduc-
tor layer and the third insulating layer interposed ther-
ebetween; and

a fourth conductive layer adjacent to a second side surface
of the second insulating layer with the oxide semicon-
ductor layer and the third insulating layer interposed
therebetween,

wherein the oxide semiconductor layer includes a channel
formation region,

wherein the oxide semiconductor layer is electrically
connected to the first conductive layer, and

wherein a thickness of each of the third conductive layer
and the fourth conductive layer is greater than or equal
to 40% and less than or equal to 80% of a sum of
thicknesses of the second insulating layer and the
second conductive layer.

9. The semiconductor device according to claim 8,

wherein the first conductive layer is a bit line, and

wherein each of the third conductive layer and the fourth
conductive layer is a word line.

10. The semiconductor device according to claim 8,

further comprising a capacitor,

wherein the capacitor is electrically connected to the
second conductive layer.

11. A semiconductor device comprising:

a first conductive layer;

a first insulating layer over the first conductive layer;

contact plugs in the first insulating layer;

a second insulating layer over the contact plugs, and over
and in direct contact with the first insulating layer;

a second conductive layer over and in contact with a top
surface of the second insulating layer;

an oxide semiconductor layer over and in direct contact
with the second conductive layer and the contact plugs;

a third insulating layer adjacent to the second insulating
layer with the oxide semiconductor layer interposed
therebetween; and

a third conductive layer adjacent to a side surface of the
second insulating layer with the oxide semiconductor
layer and the third insulating layer interposed therebe-
tween,

wherein the oxide semiconductor layer includes a channel
formation region,

wherein the oxide semiconductor layer is electrically
connected to the first conductive layer, and

wherein a thickness of the third conductive layer is greater
than or equal to 40% and less than or equal to 80% of
a sum of thicknesses of the second insulating layer and
the second conductive layer.

12. The semiconductor device according to claim 11,

wherein the first conductive layer is a bit line, and

wherein the third conductive layer is a word line.

13. The semiconductor device according to claim 11,

further comprising a capacitor,

wherein the capacitor is electrically connected to the
second conductive layer.
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